The low temperature behavior of the electron phase coherence time in metals, τ φ , is currently a subject of controversy. While theory predicts that τ φ should increase on cooling as an inverse power law of temperature, many samples exhibit a saturation of τ φ below a temperature between 0.1 and 1 K. In this paper we present evidence that the saturation of τ φ often observed in weakly-disordered polycrystalline metals (Au, Ag, and Cu) is most likely due to a dilute concentration of paramagnetic impurities, either on the surface or in the bulk.
Introduction
At low temperatures, conduction electrons in disordered metals maintain their phase coherence over times often exceeding one nanosecond -several orders of magnitude longer than the time between elastic collisions. The resulting quantum interference of electrons gives rise to many phenomena of mesoscopic physics, such as the weak-localization corrections to the conductance, universal conductance fluctuations, persistent currents and Aharonov-Bohm conductance oscillations in ring-shaped samples, and the proximity effect near a superconducting/normal metal interface.
There is currently experimental and theoretical controversy concerning the very low temperature behavior of the phase coherence time τ φ . The standard theories of electron-electron and electron-phonon scattering predict that τ φ should diverge as a power law of temperature in the limit of zero temperature.
1) Many samples, however, exhibit a saturation of τ φ at temperatures below 1 K.
2) It is important to ascertain whether those experimental observations reflect a fundamental, intrinsic decoherence mechanism as suggested by some, 2, 3) or an extrinsic, sample-dependent source of decoherence.
In this paper we focus on the simplest metallic systems, namely polycrystalline thin film wires of the noble metals Au, Ag, and Cu. The samples we have measured are in the weak-disorder limit (k F l >> 1), where the standard theory should be valid. 1) Other systems, such as highly-disordered metallic alloys, may behave differently regarding electron decoherence. 4) As evidence for the variety of behavior in different classes of materials, we note that the maximum value of τ φ found by Mohanty et al. in their Au wires 2) tended to decrease with increasing disorder (i.e. with decreasing diffusion constant D), whereas the opposite trend was observed by Lin and coworkers in 3D alloys. 
Experimental Methods and Prior Results
Over the past several years we have measured τ φ in 18 samples made of Ag, Cu or Au. All of the samples measured were long, narrow wires, evaporated onto Si substrates through a suspended mask patterned using standard electron-beam lithography. Typical sample dimensions are lengths of several hundred µm, widths of 70-120 nm, and thicknesses of 20-45 nm. Samples are measured in a dilution refrigerator with filtered lines to minimize sample heating or electron dephasing by external rf interference. We measure the low-field magnetoresistance of the samples using standard low-frequency lock-in techniques, and determine τ φ by fitting the magnetoresistance data to 1D weak-localization (WL) theory. (The fitting function is discussed in 5) ). The fitting procedure involves only two free parameters, namely the phase coherence length L φ = Dτ φ and the spin-orbit scattering length L so . We extract the diffusion coefficient D from the measured sample dimensions and resistance, using the Einstein relation σ = νe 2 D, where ν is the density of states at the Fermi energy. In Au, the spin-orbit scattering is very strong, hence L so can be ignored and L φ is the only fit parameter for each data set. In Ag and Cu, L so is determined from the fits at high temperature (near and above 1 K), and is then held fixed at all lower temperatures so that again L φ is the only fit parameter. This procedure ensures that the determination of L φ at low temperature is not influenced by systematic errors in the determination of L so . Figure 1 shows a representative subset of our measurements of τ φ in several samples of Ag, Cu, and Au. 5, 6) In several Ag samples (one of which is shown in the figure), and in one very pure Au sample, τ φ is observed to increase without saturation down to 40 mK, the lowest temperature measured. These data demonstrate immediately that saturation of τ φ is not a universal phenomenon in weakly-disordered metals. We note that the dimensions and resistance per unit length of these samples are similar to samples Au-3 and Au-6 in ref.
, 2) hence the claim in that paper that the maximum value of τ φ depends only on these parameters is not correct. uing down to about 0.3 K, but then increases on further cooling. That sample was fabricated from Au source material of only 4N (99.99%) purity, whereas all the other samples we measured were fabricated from source material of 5N or 6N purity. From measurements of the resistance vs. temperature, R(T), as well as the high-field magnetoresistance, we determined that the less pure Au samples contained a very high concentration (30-50ppm) of Fe impurities. 6) Those magnetic impurities limit τ φ due to spin-flip scattering with a rate that peaks at the Kondo temperature (T K = 0.3 K for Fe in Au) and then decreases at lower temperature. As a historical note, we mention that Mohanty, Jariwala and Webb (MJW) measured τ φ in a Au sample intentionally doped with 2.8ppm or Fe to compare the behavior with what they observed in their nominally pure Au samples.
2) Because τ φ in the doped sample increased below 0.3 K, and because the presence of Fe could be detected in R(T), MJW concluded that magnetic impurities could not be the source of the τ φ saturation observed in the nominally pure samples. That conclusion is erroneous, however, because different magnetic impurities in the same host have different Kondo temperatures, and magnetic impurities on the surface of a metal are likely to have a distribution of Kondo temperatures. While MJW showed convincingly that Fe impurities in the bulk could not cause the saturation of τ φ they observed, their conclusions do not extend to magnetic impurities with much lower Kondo temperatures, and at concentrations too low to detect in R(T). about 1 K. We have found that τ φ is nearly independent of temperature below 1 K in all of our Cu samples, regardless of the purity of the source material. Data for four such samples, all fabricated from 6N purity source material, are shown in Fig. 2 . The odd behavior of τ φ in Cu will be the subject of discussion in Section 4 below.
Correlation between electron decoherence and energy exchange
Measurements of τ φ are not the only way to obtain information about electronic inelastic scattering processes. An alternative approach, pioneered by the Saclay group, is to measure energy exchange between quasiparticles in mesoscopic wires driven far from equilibrium by an applied bias voltage.
7) The first measurements by that group of energy exchange in Cu wires showed that the rate of energy exchange was larger in the experiments than predicted by theory, and the energy dependence of the electron-electron interaction matrix element was different from that predicted by theory. 10) Since then the Saclay group has performed energy exchange measurements on a large number of samples of Cu, Ag, and Au. 8, 9) They find that in Ag samples made from the highest purity (6N) material, the energy exchange obeys the theoretical prediction. In contrast, in Cu samples, or Ag or Au samples made from lower purity material, the energy exchange rate is too large and has the wrong energy dependence, as in the original measurements on a Cu sample. In a collaboration with the Saclay group, we have measured τ φ in samples fabricated in the same e-beam evaporation system as the samples used in the energy exchange measurements, and from the same source material. Comparison of the τ φ data and the energy exchange data on similarly-prepared samples has revealed a strong correlation between these two different probes of electron dynamics, suggesting that a single mechanism is responsible for both anomalies. 5, 6) In particular, Au samples with large concentrations of Fe impurities exhibit strongly enhanced energy exchange as well as strongly enhanced decoherence. Since the decoherence is known to be caused by spin-flip scattering on magnetic impurities, circumstantial evidence points to these same magnetic impurities as the source of the energy exchange also. But the Zeeman states of a paramagnetic impurity are degenerate in the absence of an applied magnetic field, so how can such impurities contribute efficiently to energy exchange between electrons?
The answer to this question was provided by Kaminsky and Glazman, who showed that electrons can exchange energy via a second-order process involving a virtual state of the magnetic impurity.
11) Although secondorder processes are generally much weaker than firstorder, renormalization of the interaction between electrons and magnetic impurities by the Kondo effect makes this process more efficient than one might first expect.
Detection of extremely dilute magnetic impurities
The experimental results summarized in the previous two sections strongly suggest that dilute magnetic impurities are the cause of both excess dephasing and excess energy exchange between electrons observed in some samples. Samples without any magnetic impurities obey the standard theoretical predictions 1, 10) in both experiments. But how can we be sure? When the impurity concentration is large, as in the case of the 4N purity Au samples discussed earlier, the impurities are easily detectable through the logarithmic temperature dependence of the resistance associated with the Kondo effect, or from the large-field magnetoresistance. When the magnetic impurity concentration is well below 1ppm, however, detection by these means is not possible.
Since τ φ is extremely sensitive to even a minute concentration of magnetic impurities, it makes sense to use τ φ itself to detect them. In the presence of a sufficiently large magnetic field, the spin-flip scattering process is frozen out, hence τ φ should return to the value determined by electron-electron interactions alone. Hence we need a way to measure τ φ as a function of magnetic field. The weak localization contribution to the magnetoresistance disappears once the transverse field exceeds a few tens of Gauss -enough to put one flux quantum through an area equal to L φ times the sample width. Measuring the transverse magnetoresistance in the presence of a field parallel to the sample is a possibility, but requires extremely accurate alignment of the field with the sample axis, and the residual field flux through the wire's cross section complicates the analysis.
12) Measurement of the universal conductance fluctuations requires a very broad field range to achieve sufficient ensemble averaging. While this is possible at high field, it is not possible at low field, hence a direct comparison of τ φ at low and high field is not possible. We have chosen to measure the magnetic-field dependence of τ φ from the amplitude of the Aharonov-Bohm (AB) conductance oscillations of mesoscopic rings.
14)
Such measurements were pioneered by Webb and coworkers in the mid-1980's, 15) who also measured the effect of large concentrations (40 and 120 ppm) of magnetic impurities on the amplitude of Aharonov-Bohm oscillations. 16) We are interested here in extremely low concentrations -below 1 ppm -hence we must optimize the sample design to achieve the highest possible sensitivity to changes in τ φ . To get the highest sensitivity to τ φ , one should make the ring as large as possible, so that the AB oscillations are exponentially suppressed by the ratio of half the ring circumference to L φ .
17) The problem is that if the ring is too large, the AB oscillations are too small to measure. The compromise for the Cu rings we measured was to fabricate rings of diameter 1.0 and 1.5 µm. The choice of Cu followed from the observations discussed in section 2. First, as shown in Fig. 2 , τ φ in Cu samples always saturates at a rather high temperature, near 1 K. Second, the nearly flat behavior of τ φ (T ) over a broad temperature range does not appear to be due to magnetic impurites: if T K were high, then we should see τ φ increase below T K , whereas if T K were low, then we should see τ φ decrease as we approach T K from above. Third, as shown in the inset of Fig. 2 , no trace of magnetic impurities is visible in R(T) for our Cu samples.
18)
Each of the Cu samples in this study consisted of a ring to measure AB oscillations and a long wire to measure magnetoresistance. Fig. 3 shows a picture of the ring part of sample Cu3, with a diameter of 1.0 µm. our suspicion that the small value of τ φ at low field is due to spin-flip scattering by magnetic impurities, a process that freezes out in a large field. To analyze these data quantitatively, we Fourier transform the data in overlapping magnetic field intervals of width 0.2 T. The results are shown in Fig. 5 for two field intervals, one centered at zero field and the other centered at B=0.6 T. The h/e AB oscillations appear as a peak in the power spectrum near the central frequency 1/∆B πr 2 /(h/e). To obtain the AB oscillation amplitude from the power spectrum, we take the square root of the integrated power over the frequency interval shown in the figure, which spans the frequency range determined by the inner and outer areas of the ring. (We do not subtract the noise, so as to keep the analysis as straightforward as possible.) Fig. 4 , shown for two different magnetic field intervals. As was apparent in the raw data, the h/e AB oscillations are quite large for B near 0.6 T, whereas they are hardly visible near B=0. Fig. 6 shows the complete magnetic field dependence of the AB oscillation amplitude, for T = 56 and 100 mK. The figure shows that the characteristic field scale at which the AB oscillations increase is proportional to the temperature. This demonstrates unequivocally that the increase in the AB oscillations is due to freezing out of the spin-flip scattering process, and the concomitant increase of τ φ . To go further in the analysis requires fitting the data in Fig. 6 to a theoretical formula for the AB oscillation amplitude. This has been done elsewhere for the 1.5 µm-diameter ring of sample Cu4.
14) The data agree well with a fit based on the assumption that at high field τ φ returns to the value determined solely by electronelectron scattering, and given by the theory.
1) The gfactor of the magnetic impurities was a fit parameter, and the value obtained from the fit was 1.05.
We mention that the Saclay group has also developed a method to detect magnetic impurities in the energy exchange experiments. 19) They have pursued measurements of Cu and 5N Ag samples that exhibit anomalous energy exchange at zero magnetic field. In both cases, the energy exchange rates decrease dramatically at high field, indicating that the anomalous energy exchange was associated with spin degrees of freedom.
Conclusions
We can draw several conclusions from the work presented here. First, neither the saturation of τ φ nor the anomalous energy exchange we sometimes observe is a universal phenomenon. Indeed we have measured several samples of similar geometry and resistance that show neither effect, but rather obey the theoretical predictions.
1, 10) Second, both anomalies, which are often observed in weakly-disordered metal samples, are not due to a measurement artifact such as heating by an external source of electromagnetic radiation. This follows from the observation that samples with similar geometry and electrical resistance measured in the same cryostat can nevertheless behave very differently. Third, we noticed a systematic correlation between observation of a short decoherence time τ φ and of anomalous energy exchange, suggesting that a single physical mechanism is responsible for both observations. Fourth, whenever we have applied a sufficiently large magnetic field to samples exhibiting either one of the anomalies, the large decoherence and energy exchange rate at small field decreased on a magnetic field scale proportional to the temperature. This last observation strongly suggests that the anomalous decoherence and energy exchange observed in many samples result from the presence of very dilute magnetic impurities. We believe that all of the anomalous decoherence and energy exchange data observed to date in weakly-disordered metals could be explained by the presence of very dilute magnetic impurities.
What are these magnetic impurities? In mesoscopic Cu samples, it was shown long ago that τ φ depended on the surface treatment, and it was hypothesized that the culprit was a paramagnetic oxide. 20) Our AharonovBohm measurements strongly support that hypothesis. In Ag samples of 5N purity, 21) and in the Au samples measured by MJW, 2) we suspect that dilute Mn or Cr impurities are responsible, since their Kondo temperature is sufficiently low to preclude observation of the desaturation of τ φ below T K . But it is not unlikely that the culprit is something more subtle, such as surface contamination from the electron lithography process. Of course the only way to prove that MJW's observations are due to magnetic impurities would be to detect them directly, as we have done using the AB effect in Cu.
Saturation of τ φ has also been observed in some semiconductor systems. There the situation is less clear, but our experience with metals leads us to believe that eventually an extrinsic mechanism will be found.
